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The Si=C bond breakings in tetramethylsilane (TMS) when interacting with HiRd the successive H
abstractions from SiACH, in the gas mixture of W CHJ/TMS were studied at the CCSD(T)/6-31G**//
MP2/6-3H-G** level of theory. Their rate constants between 1500 and 2500 K were estimated using a
conventional transition state theory. The results indicate that (i) it is mainly the H radical that causes the
Si—C bond breaking in TMS, and (ii) the successive H abstractions from &iélmuch easier and faster

than those from Cid At low temperatures the differences of rate constants among the four types of the
reactions are large, but generally reduced at high temperatures. The reaction rates show no selectivity over
the pressure as verified Bt= 0.00025, 0.025, 1, and 100 atm, respectively. Our results could provide the
following microscopic level understanding of reactions in the synthesis of diafp«8i@/ nanocomposite

films. Although the Si content is smaller than that of C in the precursor gases, the gas mixture activated by
microwave plasma technique could provide Si sources with a higher rate. The produced Si sources with
excellent rigidity in sphybridization competitively occupy the space on the substrate together with C sources,
resulting in the deposition of diamorfd5iC nanocomposite films.

1. Introduction resultant products from TMS, that is, on the-&i bond breaking
chemical reactions. Among the previous experimental rédotts

adhesion to different substrates and also to avoid any catalyticon thg decomp_osition prpducts of TMS, Seo e’f“quoducgd
effects® Jiang et al>13 have successfully synthesized 3C-SiC(111) films on Si substrates from TMS, employing a

diamondB-SiC nanocomposite films that act as interlayers to 'Pid thermal CVD technique above 1000. They suggested

diamond top layers on Si substrates which were pretreated withthat TMS is almost completely decomposed into H and Si atoms

nanodiamond particles. The synthesis was realized by using a@"d hydrocarbon gases such as4aEH,, and GHs at the SiC

microwave plasma-assisted chemical vapor deposition (MWCVD) growth temperature. Herlin et #studied the growth mecha-

technique and a gas mixture og,HCH,, and tetramethylsilane nism of SiC on a graphite susceptor i.n a low-pressure cold-
[(CH2)4Si, TMS] (99.3-99.7 vol % H, 0.3-0.7 vol % CH wall reactor. They found that dissociation of TMS releases H

and 0.007 vol % TMS) as the precursor. An interesting atoms, various Si-containing_ speciesi [(%ﬂi, (Cl-b)?SiCHz’
observatiof*12is that a little TMS addition to the gas mixture etc.] and hydrocarbons. Jiang et &l:* synthesized the
can produce #-SiC-rich nanocomposite film. For exampfe, composite fllmg at the plasma temperature range of 2600
it is reported that if the TMS concentration is increased from K and WeII. test|f|ed. that TMS concentration really affects the
0% to only about 0.05% in the feed gas, the films will change molar fractions of diamond angtSiC. Although they proposed
from a pure diamond to a puyeSiC phase. It implies that the the occurrence of gas-phase chemical reactions, the chemical
TMS concentration strongly affects the molar fraction of the Species f°m_‘ed in the feed gas were not discussed in detail
diamondg-SiC composite film although the volume of Gind Due to the dlscrepangy among the experiments, there has been
TMS is at a great disparity in the feed gas. It was proposed that © qqnsstent conclusion about the products from TMS decom-
there is a competition between the diamond @giC crys-  Position. . .
tallites to occupy selective spaces available on the substrate, In addition to the experimental reports about the SiC growth
which was verified by experimental observatidfs. mechanism and TMS decomposition, a number of molecular
To achieve a microscopic level understanding and control of mechanic (MM) theoretical studies also exit:? For example,
the synthesis, it is worth studying the gas-phase reactions inPy performing thermodynamic calculations using the NASA
the gas mixtures of i CHs, and TMS. Since TMS has a  CET89 program, Lee et &.have proposed that,8, and Sith
relatively large molecular weight and also is the only initial are the primary sources of C and Si depositions whereas the

source to provide Si species, our focus at first would be on the contribution from Si and Chiis very little; TMS could
decompose at a high temperature as the total pressure increases.

* Corresponding authors. E-mail: aprqz@cityu.edu.hk (Dr. R. Q. Zhang); Henry et ak° have used TMS as the reactant and synthesized

To overcome the difficulties involved in diamond film

xin.jiang@uni-siegen.de (Prof. X. Jiang). polycrystalline layers of-SiC in a hot-walled reactor. By
TOcean University of China. . . .
* City University of Hong Kong. calculating the parnal pressure of each poss!ble product,_ they
8 University of Siegen. found a decreasing trend only in the case of Si and carbosilanes
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among the main components and byproducts of TMS pyrolysis (CH,);SiH + H — (CH,),SiH +CH, 2
reaction. The above-discussed investigations about the behavior

of TMS in gas phase are all based on the MM theory, and the (CH,),SiH, + H — (CH)SiH, + CH, 3)
accuracy of such theoretical predictions is not very convincing.

In this paper, quantum mechanical (QM) ab-initio simulations (CH,)SiH; + H— SiH;+ CH, 4)
were used to explore the possible gas-phase microscopic

reactions of H/CH4/TMS in order to obtain more accurate Reactions (R) (1) (4) depict the successive processes ogCH

potential energy surfaces and reaction heats. We aim atradicals escaped from TMS one by one with the assistance of
providing meaningful guidance to control the favorable experi- H radical. Figure lad illustrates the configurations of the
mental conditions so as to synthesize materials with desired products. As shown in Figure 1a, the Si atom still remains in

properties. the s configuration after one Cilabstraction from TMS as
_ in R (1). Simultaneously, a hydrogen radical in the gas
2. Theoretical Approaches atmosphere easily attaches itself on the empty space of Si,

resulting in the saturated (GHSIH. In R (2), CH abstraction
from (CHs)3SiH also produces an $fike (CHs),SiH, as shown
in Figure 1b. Similarly, the resultant products of R{3}) are
also three-dimensional, as shown in Figure-ticrespectively.

Stationary points on the potential energy surface of the
reaction system were fully optimized at the MP2/6+33**
level of theory, followed by the calculation of harmonic
vibration frequencies to confirm their nature as minima or first- - ' -
order saddle points. For transition state (TS) structures, intrinsic Under the continuous attack by H radicals, the four Gibonds
reaction coordinate (IRC) calculations were performed to of TMS will bregk at a certain time (sooner or later) andlfmally
confirm if the TS structures really connect to the reactants and Produce one Siiradical and four Ceimolecules, assuming R
products. To accurately obtain total electronic energies, the (1)—(4) could proceed smoothly.
structures determined at the MP2/6433** level were used Atthe CCSD(T)/6-313G**//MP2/6-31+G** level of theory,
to calculate the single-point energy at the CCSD(T)/6-3G1* structure 'optlmlzatlons, TS searghes, gnd IRC conf|rmat.|ons
level (denoted as CCSD(T)/6-3+G*//MP2/6-31+G**). Al were carried out for th_e f_our reactions dlscusseq above. Figure
calculations were performed using tBaussian 0backage? 2a—d presents the optimized TS structures, which are denoted

The determined total energies and frequencies were used t?S 151, TS2, TS3, and TS4 for R {I(4), respectively. All
these TS structures look similar. In TSTS4, the breaking

estimate the reaction rate constants. According to a conventional* | 5

transition state theory (TSP}, 26 the rate constant can be Si—C bond is elongated to 2.103, 2.096, 2.080, and 2.113 A,

expressed as respectively, considerably longer than the 1.886 A of a regular
Si—C single-bond length in TMS. The obtained TS structures

AE* all indicate that the outer H radical is gradually approaching

k=A ex;{——) the C atom and subsequently pulling the {2t of the matrix.

RT Accordingly, the departure of a GHladical from TMS finally
results with the assistance of an H radical. Table 1 lists the
activation energy AE;) and reaction heatAHs) values of R
(1)—(4). TheAE, values of TS+TS4 are 43.51, 43.32, 43.13,
_ kBTezil'exr(g) and 44.35 kcal/mol, respectively. They are all small. TNié
" h Py R values are—12.35, —13.60, —15.16, and—16.93 kcal/mol,

respectively, revealing exothermic reactions. Hence, the plasma-

whereR, ks, andh are the gas constant, Boltzmann constant, activated TMS favors the decomposition into £tand
and Planck constant, respectively. i® the standard pressure, (CHzs)s-nSiHn (n = 0—3) species. _

being 101325 PaT is the environmental temperature. The  3.1.2. Sequential Departures of gffom TMS Assisted by
activation energyAE¥, can be estimated by calculating the total Hz- ) ) ) )
energy difference between the transition state and the reactants. Given the abundant Hin the gas mixture, their reactions
Similarly, the activation entropyAS’, can be obtained by ~ With TMS are thus considered: Reacti.onsﬂi.)) desqribe the
calculating the entropy difference between the transition state Sequential processes of TMS interactions withthét involve

and the reactants. Here, the entropies are obtained according t§uccessive abstractions of the methyl radical from the TMS and
a statistical thermodynamic approach. The temperature range? Subsequent leaving a H atom.

for the reaction rate constant calculations is chosen to be-1500

where the Arrhenius pre-exponential factéy,is given by

2500 K according to the experimerifs1s (CHy),Si+ H, = (CHy)gSiH + CH, )

3. Results and Discussion (CHy)3SIH + H,— (CHy),SiH, + CH, (6)
3.1. Activation Energies AE,) and Reaction Heats AHj). (CH,),SiH, + H,— (CH,)SiH,+ CH 7)
3.1.1. Sequential Departures of @lftom TMS Assisted by yam 2 2 3 3 4

H. _ (CHJ)SiH;+ H,— SiH,+ CH, (8)
In the plasma environment of TMS (small percent), .CH

(small percent) and fi(large percent) at 15662500 K, there The optimized transition state structures TS5, TS6, TS7, and

is a definite existence of abundant H radicals produced from Tsg8 shown in Figure 2eh, respectively, are similar to each
the thermal dissociation of 2To reveal the possible species ther. For instance, in TS5, the Si, C, and two H atoms from

produced from TMS in such an atmosphere, the Gibond H. form a planar four-membered ring, as shown in Figure 2 e.
breakings in TMS assisted by H radicals are designed as theThe preaking S+C bond and H-H bond are elongated by
following reaction equations: 19.03% and 48.77%, respectively, much longer than the

. ) respective regular SiC and H-H bond lengths of 1.886 and
(CHy),Si+ H — (CHy);Si + CH, (1) 0.734 A. Similarly, the forming €H bond and SiH bond
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(a) (b)
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Figure 1. Geometrical structures of products from the reactions of TMS with H radicals (ag){8H(b) (CH;).SiH, (c) (CHs)SiH,, (d) SiHs and
product of CH + H — CHsz + Hy, and (e) CH.
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Figure 2. Transition state (TS) structures of R (4$): (a) TS1, (b) TS2, (c) TS3, and (d) TS4; R{8B): (e) TS5, (f) TS6, (g) TS7, and (h)
TS8; R (9)-(12): (i) TS9, () TS10, (k) TS11, and (I) TS12; and R (3%16): (m) TS13, (n) TS14, (0) TS15, and (p) TS16.

are longer than their equilibrium values of 1.086 and 1.473 A position on the Si atom. Finally, the R (5) in which the TMS
by 24.31% and 17.45%, respectively. As a result, the H atom reacts with H produces a (ChsSiH and a CH, and so do R
from H; gets attached to the methyl and then escape together(6)—(8), as shown in Figure 2fh. For R (5)-(8), four methyls
from the matrix, and the other H atom occupies the vacant of TMS will leave from the matrix, resulting in the products of
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TABLE 1: Relative Energies (kcal/mol, ZPE corrections are these abstraction reactions are given in the following:
included) for Possible Reactions (R) in the Gas Mixture of
H2/CH4/TMS at the CCSD(T)/6-31H-G**//MP2/6-31+G** SiH, + H— SiH;+ H, 9)
Level of Theory

activation ~ reaction SiH; + H — SiH, + H, (20)

) energiesAE,) heat AHy)
reactions (R) (kcal/imol) _ (kcal/mol) Reactions (9)(12) show that Sild could decompose into

(1) (CHa)sSi + H — (CHg)sSi+ CH, 43.51 —12.35
(2) (CHg)sSiH + H — (CHs)2SiH + CH, 43.32 —13.60 SiH, + H— SiH+ H, (12)
(3) (CHs)2SiHz + H — (CH3)SiH, + CH, 43.13 —-15.16
(4) (CHg)SiHs + H — SiHz+ CH, 44.35 —16.93 ; o
(5) (CHuSi+ Ha— (CHa)sSIH+ CH; 8332 0.5785 SiH+H—=Si+H, (12)
(6) (CHs)sSiH + H, — (CH3),SiH2+ CH, ~ 83.48 —0.006069
(7) (CHs)2SiHz + Ho— (CH3)SiHs+ CH, ~ 82.49 —0.7262 CH,+H—CH;+H, 13)
(8) (CHg)SiHz + Hz — SiHs+ CHa 84.14 —1.586
(9) SiHs+ H— SiHz + Hz 6.092 —15.34 CH,+H—CH,+H (14)
(10) Siks+ H — SiHa + H, 5650 —35.73 3 202
(11) Sitb+H — SiH+ H; 2.474  —30.64
(12) SiH+ H — Si+ H, 2587 —36.38 CH,+H—CH+H, (15)
(13) CHy+ H— CHs+ H 14.66 —3.231
(14) CH+ H— CH2+ H» 15.13 1.621 CH+H—C+ H2 (16)
(15) CHp+H—CH+ H, 17.22 —5.679
(16) CH+ H—C+ Hz 9.496 —28.63

SiHs, SiH,, SiH, and finally to a Si atom as the H atoms from
silane are abstracted one by one by a foreign H radical, and so
(CHa)4-nSiHy (n = 1—4) and CH. As shown in Table 1, the  does the Chiinto the products Chi(n = 0—3) in R (13)-(16).

AE, values for R (5)-(8) are 83.32, 83.48, 82.49, and 84.14 It is noted that the Sikliremains as a good $pybridized

kcal/mol, with AH; values being just 0.5785-0.006069, structure, whereas the Glghanges to an §n)lanar.structure,
—0.7262 and-1.586 kcal/mol, respectively. Th&Evalues for as shown in Figure 1, parts d and e, respectively. Such a
R (5) — (8) are about two times those of R ((4) and AHs structural difference would lead to a difference in growth rate

between that of diamond am##SiC when the Si or C sources
competitively get attached on the®dike substrate. This is an
intrinsic reason why little Si content could compete with rich
C sources during the deposition. The TS structure parameters

values are nearly zero, both not thermodynamically and kineti-
cally facilitating Si-C breakings. Accordingly, the SIC bonds
of TMS broken by H molecules are more difficult than those

by H radicals. Therefore, the H radicals play an important role for R (9)(16) are clearly shown in Figure 2p, denoted as

In the gas-phase reactions in the plasma feed gas. TS9-TS16. Here, we do not give detailed descriptions for their
3.1.3. Success H Abstractions on SiHand CH,. geometries any more.
As the H radicals may lead to-SC bond breakings of TMS, At the CCSD(T)/6-31+G**/IMP2/6-31+G** level of theory,
the gas-phase reactions are both diverse and complicated at &€ AE. and AH; values for R (9)-(16) were obtained,
high temperature. Some radical reactions are barrierless andespectively, as listed in Table 1. The involved radicals among
probably reversible. It was even proposed that Si atoms of Sj reactants and products are, respectively, optimized at their lowest
substrates would continuously diffuse out to the surface and Multiplicities in order to select the most stable energy. For high
then participate in the gas-phase reactii&:2¢ Regardless spin systems, the spin contaminations are found to be small.
of other factors (temperature, pressure, etc.), the real situation! "€ AEa values for R (9)-(12) are 6.092, 5.650, 2.474, and
in the experiment is that different TMS gas rates will actually 2587 kcal/mol, respectively. Th&H; values are—15.34,

produce different molar fractions of diamofeBiC composite ~ _3°-73,~30.64, and—36.38 kcal/mol, respectively, all nega-
films.22 In this connection, though the gas-phases€bhcentra- tive. Judging from the lovAE; and large exothermi&H; values,

tion is a hundred times greater than that of TMS in each we can conclude that there is a great possibility for the series
experiment, the C sources in the plasma cannot lead to '[heOf reactions on Sitdby H radicals to proceed. As for R (13)

diamond deposition as the main product at higher concentrations(le)’ theirAE, values are 14.66, 15.13, 17.22, and 9.496 kcall

of TMS. On this basis, it was previously concludéthat there mol, respectlvely', relatively high. Furthermore, thel; values
. e - are not all negative, for example, 1.621 kcal/mol for R (14) .
must exist a vehement competition between the diamond- and

[-SiC-forming species from the gas phase to occupy the suitableTherefore’ from the viewpoint of thermodynamic study, we
gsp gasp Py could conclude that the successive H abstractions on silane
vacant spaces on the substrate.

should be easier and quicker than those on methane.
Accordingly, the product from SiC bond breakings of TMS 3.2. Rate Constants.

could provide the Si sources like SiHn = 0—3) with the To quantitatively study the gas-phase reactions, the rate

continuous assistance of H radicals. Considering that C sourcesconstants are calculated according to the above formula using

like CHn(n = 0—3) could also be created by the reactions of the conventional TST. As the experiments performed by Jiang

CH, with H, we now comparatively study the successive H et all%-13 were at a pressure of 25 mbar, we calculated rate

abstractions on SiHand CH,. The R (9)-(16) representing constants,k, for R (1)—(16) at P = 0.025 atm. Figure 3

TABLE 2: Rate Constant Comparisons between Theory and Experiment

theory experiment
k T P k T P
reactions (R) (dm*mol~ts™) (K) (atm) (dm*mol~ts1) (K) (atm)
(13) CH;+H— CHz+ H> 3.30x 10 2000 1 1.64x 101029 2000 1.58

(15) CH+H—CH+ H, 3.80x 10° 2000 1 8.00x 10°31 1450-2500 1.58
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Figure 3. The calculated rate constants @mol~ s7%) of R (1)—

(16) at the pressure of 0.025 atm.

illustrates the Ik as a function of 1000/ Obviously, in the
temperature range from 1500 to 2500 K, the ordek should
bekre)-12) > Kr@sy-@s) > Kr)y-@) > kres)-(8)- Accordingly, the
rate constants of R (9)X12) are the highest, but those of R
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Figure 4. The calculated rate constants @mol~ s™2) of R (9) and
R (13) at pressures of 0.00025, 0.025, 1, and 100 atm.

To confirm the validity of our theoretical values, we compared
thek values between theory and experiment. As shown in Table
2, the data from TST calculations are very close to the
experimental ones, which were obtainedPat 1200 Torr and

(5)—(8) are the lowest. Since the plasma temperature varies inT = 2000 K. The theoretical values of R (13) and R (15) are in
the range of 15082500 K, we checked the rate constants at a the same order of magnitude as those of experiments. Although
middle value,T = 2000 K, at the pressure of 0.025 atm. The the pressure in calculation (1 atm) is a little different from the
calculated rate constants for R {4(B) are 1.1x 1, 3.1 x 10, experimental one (120 Torr), the effect of pressure variation
5.7 x10% 8.9x10% 8.2x1071,3.0x107%, 3.5x107%, and 4.7 could be ignored.

x 1071 dm® mol~1 s71, respectively. From the-57 orders of
magnitude difference between R {4®) and R (5)-(8), it
quantitatively proves again that it is the H radical but net H
that plays an important role in the gas-phase Gibreaking
reactions. Moreover, the rate constants for R{@R) (1.0
x10%0, 5.6 x10°, 9.5 x1(®, and 1.3x10° dm® mol~! s7%) are
about 10-100 times greater than those for R (33)6) (8.4

x 108, 3.3 x1(8, 9.6 x 107, and 5.7x 10" dm® mol~1 s71). Thus,

it is also testified that the successive H abstractions from, SiH
are easier and faster than those from,C8n the other hand,

it is revealed that the degrees of sensitiviBy {0 temperature
for these four types of reaction constants foll&ao)-(12) <

4. Conclusions

In the synthesis of diamon@/SiC nanocomposite films by
MWCVD, the possible reactions include-SC bond breakings
in TMS assisted by H/KHand successive hydrogen abstraction
on SiH; and CH. The products could be Si, Sith = 1—4),
CHy, and (CH)ySiH, (M= 1-3,n = 0—-3, m+ n < 4) species.
Due to the smallerAE, values 43 kcal/mol) and larger
exothermicAHs values (16.93 to—12.35 kcal/mol) of TMS
reactions with H than those with Hit is mainly the H radical
that causes the SIC bond breakings in TMS. The rate constants
SRa3r-a6) < Ray-@ < Ske)-8) because thie variation tendency  calculated also support such a conclusion. The successive
is the mildest for R (9)(12) but most abrupt for R (5)(8) as  hydrogen abstraction on Sitdnd CH is the reason why TMS
the temperature increases. Accordingly, at a Iow-temperatureConcentration strongly affects the molar fractions of diamond

range, the rate constants of R {{)L2) are much larger than
those of R (13)-(16), but both getting contiguous dsmoves
to the high range, so are the relationships between R(&))

and 3-SiC. Because of the lowE, (2—6 kcal/mol) and high
exothermic AH; (—36.38 to —15.34 kcal/mol) values, the
successive H abstractions from Siéte faster than those from

and R (5)-(8). These kinetic trends of the gas-phase reactions CHa. The rate constant results by TST also lead to the same
could provide clear temperature-selection guidance for experi- conclusion. The overall growth mechanism is highly influenced
mentalists to control experimental conditions. by the high Si source efficiency facilitated by the presence of

Furthermore, since R (9) and R (13) provide the vital species TMS with a strong effect on the proportion of diamond and
attached on the substrate, we investigated their rate-constanf-SiC in the diamong-SiC nanocomposite films deposited by
change with different pressures from 0.00025, 0.025, and 1 to the MWCVD technique.

100 atm. As shown in Figure 4, the curves for the same reaction

at different pressures look alike and are almost parallel to each Acknowledgment. The authors are thankful for the financial
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